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Abstract
The magnetic nature of a novel one-dimensional compound NaCr2O4 with zigzag CrO2 chains
has been studied by muon spin rotation and relaxation (μ+SR) and neutron diﬀraction (ND).
It is found that NaCr2O4 undergoes an antiferromagnetic transition at TN = 125 K, below
which the Cr moments in each zigzag chain align ferromagnetically along the c-axis but antifer-
romagnetically along the a-axis between adjacent zigzag chains. For the solid solution system
Ca1−xNaxCr2O4, μ+SR measurements reveal the evolution of a complex magnetic order with
increasing Ca content (1 − x), which ﬁnally enters into an incommensurate AF ordered state
below TN = 21 for CaCr2O4.
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1 Introduction
One-dimensional (1D) systems oﬀer an intriguing example as relatively simple systems that
display interesting magnetic phenomena [1, 2] and complex phases [3, 4, 5, 6, 7, 8, 9, 10]. This
is in large part due to the competition between nearest-neighbor (intra-chain) and next-nearest-
neighbor (inter-chain) interactions. Recently, the ﬁeld of geometrically frustrated materials has
been driven by the synthesis and discovery of new compounds in which the frustration can
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Figure 1: The crystal structure of NaCr2O4. Zigzag Cr2O4 chains are aligned parallel to the
b-axis so as to make an irregular hexagon, at the center of which the Na ions locate.
be tuned, particularly due to the progress of high-pressure synthesis techniques. Here, we
report the results of muon spin rotation and relaxation (μ+SR) and neutron diﬀraction (ND)
experiments on 1D zigzag-chain compounds, Ca1−xNaxCr2O4 [11], which is a solid solution
system between β-CaCr2O4 and NaCr2O4 [12]. Both compounds possess a CaFe2O4-type Pnma
structure. In the Ca1−xNaxCr2O4 lattice, the Cr2O4 double-chains, which are formed by a
network of edge-sharing CrO6 octahedra, align along the b-axis so as to make an irregular
hexagonal one-dimensional (1D) channel. The end member compound, novel NaCr2O4 [12], is
found to enter into an antiferromagnetic ordered state below TN = 125 K. Combined analyses
of both μ+SR and ND data provides a unique spin structure including a canting angle of the Cr
moments [13]. For the other end member compound, CaCr2O4, our μ
+SR measurements reveal
the formation of a complex magnetic order below TN = 21 K, consistent with an incommensurate
AF order proposed by ND [14]. Moreover, we have studied the x = 0.5, 0.75, and 0.85 samples
to determine the variation of internal magnetic ﬁelds with x.
The magnetic structural analyses of NaCr2O4 using both μ
+SR and ND have already been
reported in detail elsewhere [13]. Therefore, we here report the detailed μ+SR result of β-
CaCr2O4 and Ca1−xNaxCr2O4.
2 Experimental
Polycrystalline samples of Ca1−xNaxCr2O4 (0 < x ≤ 1) were prepared from a stoichiometric
mixture of CaO, NaCrO2, Cr2O3, and CrO3 at 1300
◦C under a pressure of 6 GPa for 0 < x < 1
or 7 GPa for x = 1. On the contrary, β-CaCr2O4 was prepared by a conventional solid-state
reaction of a stoichiometric mixture of CaCO3 and Cr2O3 under ambient pressure at 1300
◦C for
12 hours in an Ar gas ﬂow. The details of the synthesis have been described elsewhere [11, 12].
Powder x-ray diﬀraction (XRD) analyses showed that all samples were almost single phase with
a CaFe2O4-type Pnma structure.
The μ+SR spectra were measured at surface muon beam lines using the LAMPF spec-
trometer on M15 and M20 of TRIUMF in Canada. Approximately 200 mg of powder sample
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was placed in an envelope with 1 × 1 cm2 area, made of 0.05 mm thick Al-coated Mylar tape
in order to minimize the background signal. The envelope was attached to a low background
sample holder in a liquid-He ﬂow-type cryostat for measurements in the T range between 1.8
and 150 K. The experimental techniques are described in more detail elsewhere [15, 16].
The powder ND patterns were collected on both HRPT and DMC at PSI in Switzerland.
The data obtained onHRPT with the wavelength λN = 0.1886 nm were analyzed with RIETAN-
FP for determining the crystal structure, while the data obtained onDMC with λN = 0.2421 nm
were analyzed with Fullprof for deducing the magnetic structure.
3 Results and Discussion
3.1 β-CaCr2O4
Neutron diﬀraction measurements [14] revealed that β-CaCr2O4 undergoes an antiferromagnetic
(AF) transition at TN ∼ 21 K with an incommensurate propagation vector along the b-axis.
In fact, the zero ﬁeld (ZF-) μ+SR spectrum for the β-CaCr2O4 sample recorded at T = 2 K
exhibits a strongly damped oscillation [Fig. 2(a)], suggesting the presence of a static magnetic
ﬁeld with wide distribution at the muon site. The spectrum is well ﬁtted by a combination of
an exponentially relaxing zeroth-order Bessel function of the ﬁrst kind [J0(2πfSDWt)] and an
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Figure 2: (a) The ZF-μ+SR time spectrum for β-CaCr2O4 measured at T = 2, 20, 22,
and 23 K. Green lines represent the best ﬁt with Eq. (1). (b) The temperature dependence
of the muon spin precession frequency (fSDW). The data were obtained by ﬁtting the ZF-
μ+SR spectrum with Eq. (1). In (b), the blue solid line represents the ﬁtting result using the
temperature dependence of the BCS gap energy, while the red line represents that using a power
law, f = f(0 K)× (1− T/TN)β with β = 0.46(4) and TN = 22.3(2) K.
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exponentially relaxing non-oscillatory component for the tail signal of a powder sample.
A0 PZF(t) = ASDW J0(2πfSDWt) exp(−λSDWt) +Atail exp(−λtailt), (1)
where Ai are the asymmetries and λi are the exponential relaxation rates. J0 is commonly used
for describing an incommensurate magnetic ﬁeld in a sample [15, 16].
Figure 2(b) shows the temperature dependence of the muon spin precession frequency
(fSDW) for β-CaCr2O4. Although the fSDW(T ) curve is usually explained by the temperature
dependence of the BCS gap energy, the present result is actually better ﬁtted by a power-law
function.
3.2 NaCr2O4
The ZF-μ+SR spectrum for NaCr2O4 exhibits a clear oscillation due to the formation of static
AF order below TN [see Fig. 3(a)]. Therefore, the ZF-μ
+SR spectrum was ﬁtted by a combi-
nation of an exponentially relaxing cosine oscillation and a non-oscillatory exponentially relax-
ation. The former corresponds to the component with the initial muon spin (Sμ) is perpendic-
ular to the internal magnetic ﬁeld (Hint), whereas the latter to the component with Sμ ‖ Hint,
i.e. a tail signal.
A0 PZF(t) = AAF cos(2πfAFt+ φAF) exp(−λAFt) +Atail exp(−λtailt), (2)
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Figure 3: (a) The ZF-μ+SR time spectrum for NaCr2O4 measured at T = 2, 100, and 125 K.
Each spectrum is shifted upward by 0.1 for clarity of display. Green lines represent the best
ﬁt with Eq. (2). (b) The temperature dependence of the muon spin precession frequency (fAF)
and the normalized structure factor (F001) of the magnetic Bragg peak 001 obtained by ND
measurements. The fAF data were obtained by ﬁtting the ZF-μ
+SR spectrum with Eq. (2).
In (b), the solid line represents the ﬁt using a power law, f = f(0 K) × (1 − T/TN)β with
β = 0.30(2) and TN = 125.0(7) K.
Magnetic ground state of novel zigzag . . . Sugiyama et al.,
871
where fAF is the muon spin precession frequency due to a static AF internal ﬁeld and φAF is
the initial phase.
Figure 3(b) shows the temperature dependences of fAF and the normalized structure factor
(F001) of the magnetic Bragg peak 001 obtained by ND measurements. The fAF(T ) curve shows
an order parameter like temperature dependence, as expected. In addition, φAF ranges within
±20◦degree besides the vicinity below TN. This suggests that the AF order is commensurate
to the lattice [15].
Based on the ND measurements, the propagation vector for the AF ordered phase was
determined as k = (1, 0, 1) [Fig. 4(a)]. This leads to that the Cr moments align parallel [ferro-
magnetic (FM)] along the b-axis, but antiparallel (AF) in the ac-plane. Under this condition,
factor group analyses give us ﬁve possible spin structures (Γ1 − Γ5). Since the magnetic R-
factors for Γ1 − Γ5 are 122.9, 103.9, 19.69, 115.4, and 83.56, respectively, the most probable
AF spin structure for NaCr2O4 is Γ3 (see Fig. 5). Here, we wish to note that, although the
arrows are drawn parallel and/or antiparallel to the c-axis, the direction of the Cr moment has
a degree of freedom in the ab-plane, i.e. they could be canted from the c-axis by θ. The detailed
analysis for the ND data using the Γ3 structure provided that θ = (8.1±7.3)◦ toward the a-axis
(θa) and (6.5 ± 0.4)◦ toward the b-axis (θb). This means that it is very diﬃcult to determine
θ based only on the powder ND data. The ordered magnetic moment of Cr ions (μNDord) is also
estimated as (2.39± 0.10) μB, which is about 80% of the eﬀective magnetic moment of the Cr
ions (μeﬀ = 3.07 μB) [12, 11]. The rest 20% would contribute to an itinerant nature or lead to
localized but rapidly ﬂuctuating moments.
Back to Fig. 3(b), despite the diﬀerent spatial and time resolution between μ+SR and ND,
the two techniques provide eventually equivalent result for the change in the internal magnetic
ﬁeld with temperature. However, in order to compare the μ+SR results with the ND data
quantitatively, we need to predict the muon site(s) in the lattice by ﬁrst principles calculations.
Furthermore, for the case that the muons locate at the vicinity of the FM double chain, the AF
structure is likely to imply the presence of ﬁnite local spin density at the muon site(s), which
also aﬀects the internal magnetic ﬁeld detected by μ+SR [16, 10]. Therefore, DFT (density
functional theory) calculations with GGA (generalized gradient approximation) are in progress
for NaCr2O4.
80
60
40
20
0
IN
TE
N
SI
TY
 (1
03
co
u
n
ts
)
80604020
2  (degree)
Ca0.15Na0.85Cr2O4
T=1.6 K, DMC
λ=2.4565Å
Ca0.15Na0.85Cr2O4
Cr2O3
magnetic
 cal.
 obs.
 obs. - cal.
00
1
10
0
10
1 00
2
20
0,
 1
02
20
1 2
02
10
3
30
0
01
0,
 3
01
11
1
11
0,
 2
03
30
2
01
2,
 1
04
00
3
80
60
40
20
0
IN
TE
N
SI
TY
 (1
03
co
u
n
ts
)
80604020
2  (degree)
NaCr2O4
T=1.7 K, DMC
λ=2.4565Å
NaCr2O4
Cr2O3
magnetic
 cal.
 obs.
 obs. - cal.
00
1
10
0
10
1 00
2
20
0,
10
2
20
1
00
3
30
0 3
02
01
2,
10
4
20
2
10
3
01
0,
 3
01
11
0,
 2
03
11
1
Figure 4: Powder neutron diﬀraction patterns for (a) NaCr2O4 measured at 1.7 K and (b)
Ca0.15Na0.85Cr2O4 measured at 1.6 K. Small red numbers in (a) and (b) represent the index
of the magnetic Bragg peaks with 2θ < 60◦. They are indexed with the propagation vector,
k = (1, 0, 1).
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Figure 5: The Γ3 AF structure for NaCr2O4 determined from the ND measurements. The Cr
moments in the double chains are parallel (FM) to each other and such FM double chains align
antiparallel (AF) along the a-axis and parallel (FM) along the c-axis.
3.3 Ca1−xNaxCr2O4
Although the magnetic Bragg peaks appear in the ND pattern of Ca0.15Na0.85Cr2O4 as well as
NaCr2O4 (Fig. 4), the ZF-μ
+SR spectrum of Ca0.15Na0.85Cr2O4 showed no oscillations but a
rapidly relaxing behavior even at 2 K. A very similar ZF-μ+SR spectrum was also recorded for
the samples with x = 1/4 and 1/2, for reasons currently unknown. This could imply
(1) the presence of too many muon sites in the lattice due to a local distortion caused by the
substitution for Ca with Na,
(2) the evolution of a spin-glass state with decreasing x from 0.85, or
(3) a rapid ﬂuctuation of the AF order, which ranges outside the μ+SR time window.
Nevertheless, μ+SR measurements under weak transverse ﬁeld (HTF = 30 Oe) provided
the change in TN with x in Ca1−xNaxCr2O4 (see Fig. 6). Here, “weak” means the ﬁeld is
very small compared to Hint, and “transverse ﬁeld” means a ﬁeld perpendicular to Sμ. The
normalized weak transverse asymmetry (ATF/A0) is proportional to the volume fraction of
non-magnetic phases in a sample. Besides the sample with x = 0.85, the transition is relatively
sharp, indicating that each sample undergoes a typical continuous AF transition. Assuming
that TN is the temperature at which ATF/A0 = 0.5, we could draw a magnetic phase diagram
as a function of x (see Fig. 6). Such phase diagram is slightly diﬀerent from that determined
by macroscopic measurements [11], particularly in the x range between 0.5 and 0.85, because
μ+SR is sensitive to the local magnetic environment.
4 Summary
By means of μ+SR and ND, we have investigated the magnetic ground state of novel zigzag
chain compounds, Ca1−xNaxCr2O4 with 0 ≤ x ≤ 1. NaCr2O4 is found to enter into an AF
ordered phase below TN = 125 K. The AF spin structure is also determined from the ND data.
On the other hand, the ground state of CaCr2O4 observed with the present μ
+SR measurements
is in good agreement with the incommensurate AF order proposed by ND. For the solid solution
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Figure 6: (a) The temperature dependence of the normalized weak transverse ﬁeld asymme-
try (ATF/A0) for the Ca1−xNaxCr2O4 samples with x = 0, 0.5, 0.75, 0.85, and 1. (b) The
magnetic phase diagram determined by wTF-μ+SR. In (b), PM means a paramagnetic phase,
IC-AF means an incommensurate AF phase, and C-AF means a commensurate AF phase. The
boundary between IC-AF and C-AF is ambiguous at present.
system between NaCr2O4 and CaCr2O4, static magnetic order is not detected by μ
+SR, but
the phase diagram is clearly elucidated.
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